The distinction between causes of acute infections is a major clinical challenge. Current biomarkers, however, are not sufficiently accurate. Human neutrophil lipocalin (HNL) concentrations in serum or whole blood activated by formyl-methionineleucine-phenylalanine (fMLP) were shown to distinguish acute infections of bacterial or viral cause with high accuracy. The aim was therefore to compare the clinical performance of HNL with currently used biomarkers. Seven hundred twenty-five subjects (144 healthy controls and 581 patients with signs and symptoms of acute infections) were included in the study. C-reactive protein (CRP), the expression of CD64 on neutrophils, procalcitonin (PCT), and blood neutrophil counts were measured by established techniques, and HNL concentrations were measured in whole-blood samples after activation with fMLP. All tested biomarkers were elevated in bacterial as opposed to viral infections (P < 0.001). CRP, PCT, and CD64 expression in neutrophils was elevated in viral infections compared to healthy controls (P < 0.001). In the distinction between healthy controls and patients with bacterial infections, the areas under the receiver operating characteristic (ROC) curves were >0.85 for all biomarkers, whereas for the distinction between bacterial and viral infections, only HNL concentration in fMLP-activated whole blood showed an area under the ROC curve (AUROC) of >0.90 and superior clinical performance. The clinical performance of HNL in fMLP-activated whole blood was superior to current biomarkers and similar to previous results of HNL in serum. The procedure can be adopted for point-of-care testing with response times of <15 min.
H uman neutrophil lipocalin (HNL) is also called lipocalin 2 or neutrophil gelatinase-associated lipocalin (NGAL) (1) . HNL is stored in the secondary granules of neutrophil granulocytes, but the production of the protein may also be induced in epithelial cells and monocytes/macrophages under certain conditions (2) (3) (4) . Sensitive immunoassays were developed to measure HNL/ NGAL in various bodily fluids, and the concentrations in blood were shown to be raised in patients with bacterial infections and in urine in patients with acute kidney injury (5) (6) (7) (8) . Indeed, serum concentrations of HNL were shown to discriminate between acute bacterial and viral infections with high accuracy and with sensitivities and specificities of Ͼ90% (7) . The discriminatory power of HNL concentrations in serum was seen in additional studies on children and adults, indicating that HNL measurements in serum might be a clinically useful biomarker for the distinction between bacterial or viral causes of acute infection (9, 10) . However, the high discriminatory power of HNL concentration was seen only with measurements in serum and not with EDTA-plasma. This suggested that the neutrophils in the test tube ex vivo continued to release their HNL during blood coagulation.
To be useful in the emergency department or a doctor's office, the total assay time from blood to result of any biomarker should be short, i.e., Ͻ15 to 20 min, which is the philosophy behind the development of point-of-care (POC) assays (11, 12) . Such requirements are not possible using serum measurements of HNL. In a recent report (13) , we showed that the activation of purified neutrophils for a few minutes by the well-established neutrophil activator tripeptide formyl-methionine-leucine-phenylalanine (fMLP) might circumvent this problem, since the release of HNL from neutrophils obtained from both healthy and infected patients very closely correlated to the concentrations of HNL in serum. Moreover, we showed that the clinical performance of the activation of neutrophils in whole blood was superior to the measurement of HNL concentrations in plasma, with sensitivities and specificities in the discrimination between bacterial and viral causes of acute infections of Ͼ90%. In this study, we examined the diagnostic performance of HNL concentrations in whole blood after activation with fMLP in comparison to that with established and novel biomarkers, such as blood neutrophil counts, C-reactive protein (CRP), the expression on neutrophils of the Fc receptor CD64, and procalcitonin. The number of patients with a confirmed etiology of their acute infection was 288 (49.6% of all patients). Of these patients, 185 had a bacterial infection, 54 had a viral infection, 26 had a mycoplasmal infection, and 23 had a bacterial infection as a secondary infection to influenza. The distribution of the confirmed infections is shown in Table 1 . The number of patients remaining with an uncertain diagnosis was 293 (50.4%).
MATERIALS AND METHODS

Patients
The study was approved by the Uppsala Regional Ethics Committee. Methods. The inclusion criteria for patients in the study were fever of Ͼ38°C and signs and symptoms of an acute infection. An exclusion criterion was known chronic viral infection, such as human immunodeficiency virus infection or hepatitis. In addition, children age Ͻ18 years and patients who could not give informed consent were excluded from this study. The patients were admitted to the infectious disease department at the University Hospital in Uppsala (n ϭ 449) or to a primary care unit in Uppsala (n ϭ 132). A blood sample was drawn before the start of antibiotic treatment.
The patients were classified into three groups, as shown in Fig. 1 . In the group with confirmed etiology of acute infection, clinical findings and assessment were documented, including white blood cell counts and CRP levels, and verified with objective tests used in the routine diagnostics. In the pneumonia group, the diagnosis was verified with a positive chest X-ray and supported by positive culture or PCR test from the lower respiratory tract samples. The diagnosis of respiratory tract infection with viruses, for example, influenza A/B and atypical pneumonia, such as myco-plasma pneumonia, was supported by PCR testing of samples from the respiratory tract. Viral infections, such as dengue fever, Epstein-Barr virus, or cytomegalovirus infection, were supported by IgG/IgM serology results. The diagnosis of bacterial infections was supported by cultures from blood, urine, stool, wound abscesses, and the respiratory tract, when appropriate. Tonsillitis was diagnosed by a rapid test for group A Streptococcus and supported by positive culture. Endocarditis diagnosis was made from positive blood cultures and findings on echocardiography.
In the group with possible etiology, only a clinical assessment of findings, including white blood cell counts and CRP levels, without any confirmed etiology by objective tests was performed. The objective tests were either not taken or had given a negative result.
In the third group with unclear infection, the diagnosis could not be determined or was no infection but with a tumor or polymyalgia rheumatica.
Biomarkers of infections. CRP levels and white blood cell (WBC) counts with differentials were analyzed at the routine department of clinical chemistry at Uppsala University Hospital.
HNL was measured in heparinized blood (B-HNL) after preactivation with the synthetic tripeptide formyl-methionine-leucine-phenylalanine (fMLP) (BioXtra; Sigma-Aldrich, St. Louis, MO, USA). HNL in whole blood was assayed by a prototype POC assay on the Meritas platform (Fiomi Diagnostics, Uppsala, Sweden), as described recently (13) . The coefficient of variation (CV) profile showed an imprecision rate of the POC assay of Ͻ10% being Ͼ75 g/liter. The POC assay correlated well with the ELISA results (r ϭ 0.9594; fit POC assay ϭ 1.04 ϫ ELISA ϩ 2.4).
Procalcitonin was measured in EDTA-plasma by means of the Kryptor instrument and according to the instructions of the manufacturer (Thermo Fisher Scientific, Hennigsdorf, Germany).
The expression on blood neutrophils of the Fc receptor CD64 was measured by flow cytometry, as previously described (14) .
Statistics. The data are expressed as the means Ϯ SD or geometric means with 95% confidence interval (CI) wherever appropriate. Comparisons of two groups, either dependent or independent, were performed by Student's paired or unpaired t test and comparisons of Ͼ2 groups by one-way analysis of variance (ANOVA). Pearson's linear correlation was applied. P values of Ͻ0.05 were considered significant. In order to estimate the clinical performance of the biomarker assays, receiver operating characteristic (ROC) analyses were performed and comparisons of the areas under the curve were analyzed by c-statistics. After logarithmic transformation of the biomarker results, logistic regression analysis was performed to test for the diagnostic performances of more than one biomarker. For the calculations, the statistics programs MedCalc Statistical Software version 14.8.1 (MedCalc Software, Ostend, Belgium) and Statistica 64 version 12 (StatSoft, Tulsa, OK, USA) were used. 
RESULTS
Heparinized whole-blood and EDTA-plasma samples were collected from 581 patients with fever of Ͼ38°C and symptoms of infection and from 144 apparently noninfected healthy subjects. Without knowledge of the investigated biomarker (HNL, PCT, and CD64 expression on blood neutrophils) results, the infected patients were classified as having a bacterial or viral cause of their disease. The primary study group included patients with confirmed etiology of their infections but excluded mycoplasmal infections and patients with mixed infections. The study group consisted of 383 subjects (144 healthy noninfected controls, 185 with bacterial infections, and 54 with viral infections) ( Table 1) . Diagnostic performances of B-HNL, CD64 expression on neutrophils, and procalcitonin. In Fig. S1a to d in the supplemental material, we show the distribution of the four additional biomarkers in the healthy control group compared to the results in those with bacterial or viral infections. Data on B-HNL were recently described (13) . The results are summarized in Table 2 and show elevated levels in both viral and bacterial infections compared to those in the controls for all biomarkers, except blood neutrophil counts, which were unaltered in the virally infected group.
In Fig. 2 , we show the distribution of CD64 expression, procalcitonin, and B-HNL concentrations separated by verified clinical diagnosis. Compared to healthy subjects, all three biomarkers were elevated in all diagnoses with a bacterial cause. Compared to the levels with viral infections, CD64 expression on neutrophils was significantly higher in all diagnoses (P Ͻ 0.01) except erysipelas and sepsis. With respect to PCT, the results for bacterial pneumonia, bacterial urinary tract infections (UTI), and sepsis were significantly higher (P Ͻ 0.01 for bacterial pneumonia and P Ͻ 0.001 for UTI and sepsis) than the results in the viral group, whereas the results for the other bacterial infections and for mycoplasma pneumonia were nonsignificantly different. B-HNL concentrations were significantly elevated for bacterial pneumonia, tonsillitis, UTI, erysipelas, and sepsis, compared to the levels with viral infections (P Ͻ 0.001 for all comparisons), and for mycoplasma pneumonia (P Ͻ 0.001) and bacterial gastrointestinal infections (P Ͻ 0.01). Figure 3 shows the comparisons of the clinical performance of the three studied biomarkers. The areas under the ROC curves (AUROCs) are given in Table 3 . In the distinction between healthy and bacterial infections, two biomarkers showed AUROCs of Ͼ90%, and these were B-HNL and the expression of CD64 on blood neutrophils. The AUROC of B-HNL was significantly higher than the AUROC of procalcitonin (P ϭ 0.02), and the AUROC of the expression of CD64 on neutrophils was higher than that for PCT (P ϭ 0.03).
In the distinction between bacterial and viral infections, only the AUROC of B-HNL was Ͼ90%. This was significantly different from CD64 expression on neutrophils and procalcitonin (P Ͻ 0.001 for both comparisons).
In Table 4 , the AUROCs are shown of the three biomarkers in the distinction between the results with viral infections and the various diagnoses of bacterial infections or mycoplasma pneumonia. The clinical performance of B-HNL is superior to the other two biomarkers in bacterial pneumonia, streptococcal tonsillitis, and erysipelas but similar in sepsis and gastrointestinal infections.
Diagnostic performance of CRP, blood neutrophil counts, and combinations of biomarkers. In the supplemental material, we show the ROC curve analysis of CRP levels and blood neutrophil counts in the distinction between bacterial and viral infections. These two biomarkers were justified for use in this comparison, because the diagnoses of the patients included in the analysis had been supported by other objective tests. As can be seen in Fig.  S3 in the supplemental material, CRP (P ϭ 0.009) and blood neutrophil counts (P ϭ 0.03) had a lower area under the ROC curve than that of B-HNL.
The diagnostic performances of combinations of biomarkers were tested by logistic regression analysis. All three biomarkers, in addition to age and sex, were included in the analysis. The biomarkers were log transformed before the analysis. In the distinction between healthy noninfected subjects and those with bacterial infections, the expression of CD64 on neutrophils and PCT added to the performance of B-HNL, with an increase in the AUROC from 0.95 (95% CI, 0.91 to 0.97) to 0.98 (95% CI, 0.96 to 1.00). Odds ratios are given in Table 5 and show that in the discrimination between healthy noninfected subjects and patients with bacterial infections, high odds ratios were achieved for B-HNL (odds ratio [OR], 42.0) and the expression of CD64 on neutrophils (OR, 28.4), and the two biomarkers independently contributed to the discrimination. Also, PCT added independently to the diagnostic performance (OR, 2.3). With the inclusion of CRP concentrations and neutrophil counts in the model, the AUROC increased further to 0.996 (95% CI, 0.976 to 1.0) but only with CRP concentration as an independent variable (see Table S1 in the supplemental material). In the distinction between bacterial and viral infections, none of the other biomarkers added to the diagnostic performance of B-HNL. The odds ratio for B-HNL was 37.4 (95% CI, 10.7 to 130).
DISCUSSION
Symptoms of acute infections are probably the most common reason for seeking health care worldwide. In a preliminary survey of a large primary health care center in Sweden, 49% of all patients who visited the center did so because of symptoms of acute infec- tion. The judgment of the doctor of whether to treat the infection with antibiotics is commonly based on clinical symptoms and in some cases is supported by laboratory tests, such as white blood cell counts, CRP concentrations, and rapid tests for bacterial or viral agents (15) . The sensitivities and specificities of such tests, however, often preclude an accurate distinction between various causes of infection, with the consequent prescription of antibiotics to be used if needed. The unnecessary prescription of antibiotics or sales of antibiotics without any prescription over the counter add to the rapid development of antibiotic resistance, which is seen as a serious threat to mankind (16, 17) . Thus, the development of diagnostic tools that are accurate and easily available is highly desirable. In previous publications, we showed that the neutrophil secretory protein HNL may represent a prominent step in this direction, since serum concentrations of HNL allowed an accurate distinction between bacterial or viral cause of acute infections, with negative and positive predictive values of Ͼ90%, which were superior to results obtained using white blood cell counts and CRP (7, 9, 10) . However, in order to make HNL easily available and attractive to a primary care physician or to an emergency doctor, the results of HNL concentrations in blood should be reported within 15 to 20 min, with similar performance as serum measurement of HNL in the laboratory. In this study, we investigated the possible use of whole-blood samples for this purpose and showed that whole-blood measurement after activation with the neutrophil activator fMLP (13) is a superior assay for the identification of patients with bacterial infections in comparison to currently used assays, such as CRP, CD64 expression on neutrophils, procalcitonin, and blood neutrophil counts. It is also important that normal concentrations of HNL with high likelihood ruled out bacteria as the causative agents of acute infections. Our previous finding that plasma measurements of HNL were less diagnostic in the distinction between bacterial and viral infections than the previously reported findings with serum indicates a unique quality of serum. This quality is due to the additional release in the extracellular environment of HNL during coagulation and this is an active process which is time and temperature dependent and most likely reflects the inherent state of activity of neutrophils in the blood. Our attempts in the recent study to try to mimic coagulation activation of HNL release by the activation of the blood neutrophils with fMLP showed a high concordance between this release and serum HNL concentrations measured in the same individual. The recent demonstration that HNL/NGAL may be induced in monocytes/macrophages (4), however, should be considered, although our previous investigations did not show any immunostaining of HNL in human blood monocytes (our unpublished data). Thus, the release from blood monocytes may contribute somewhat to the levels of HNL found after fMLP activation of whole blood. Our results prompted us to compare this diagnostic modality with those currently available, since HNL in fMLP-activated whole blood may be suitable for point-of-care applications.
In the comparisons of clinical performance, we estimated the diagnostic performance of the distinction between bacterial infection and healthy controls in addition to the distinction between bacterial and viral infections. In these comparisons, we included only those patients for whom the infectious etiology was objectively supported. This approach obviously reduced the numbers of patients in the two cohorts by 60% but was taken to minimize the numbers of false classifications, since it is well known that it is difficult to make a true distinction between different causes of infections, bacterial or viral, based on clinical judgment only (15) . Table 3 .
One limitation of the comparisons of HNL with other biomarkers is that both CRP concentrations and WBC counts were used in the clinical judgment of the diagnosis. A bias toward these two biomarkers precluded an accurate evaluation of their diagnostic performance. However, with this caution in mind, CRP seemed to be a powerful tool for ruling out patients with bacterial infections, since the overlap in plasma concentrations between healthy noninfected subjects and those having a bacterial infection was minor. In viral infections, the considerable overlap with bacterial infections, however, indicated that CRP is less useful in this distinction, which corroborates current knowledge of the diagnostic power of CRP levels (18) (19) (20) (21) (22) (23) . In our earlier studies, serum measurements of HNL were clearly superior to those of CRP and also showed differences between CRP and serum HNL in kinetics after the start of antibiotic treatment, since serum concentrations of HNL normalized within 2 to 3 days, in contrast to CRP, which stayed elevated several days after the infection had subsided. Thus, HNL concentration seems to more closely reflect the ongoing infection than CRP concentration. Another limitation of CRP as a diagnostic means in acute infections is the low specificity of CRP, since this biomarker is found to be raised in most other inflammatory diseases. HNL, on the other hand, was found to be nonelevated in patients with active rheumatoid arthritis (24) .
The diagnostic performance of procalcitonin was unexpectedly poor in this study, in particular in the discrimination between acute bacterial and viral infections. The inferior performance compared to that with most other biomarkers was explained by a 3-fold rise in concentrations in viral infections and a considerable overlap with the plasma levels of patients with bacterial infections.
The highest concentrations of procalcitonin were found in patients with sepsis and urinary tract infections, such as pyelonephritis, which is in line with current understanding (21) (22) (23) (25) (26) (27) (28) (29) (30) (31) (32) . However, in lower respiratory tract infections, PCT levels were only occasionally found to be elevated. Thus, the clinical usefulness of procalcitonin may be in patients with very severe bacterial infections, such as sepsis, but not in the diagnosis of less severe infections and in the distinction against viral infections.
The expression of the Fc receptor CD64 on neutrophils is very low in healthy subjects, whereas the expression is considerably increased on the surface of neutrophils obtained from patients with bacterial infections. We and others showed previously that CD64 expression discriminated well between septic and nonseptic patients in both children and adults (14, (33) (34) (35) (36) (37) (38) (39) . An additional study showed a concordance between the expression of CD64 on neutrophils and serum HNL, which indicated to us that these two biomarkers might reflect similar processes, i.e., the inherently increased activity of neutrophils in patients with bacterial infections (14, 34) . The kinetics of these two biomarkers, however, are different, with a slow onset of CD64 expression compared to that of serum HNL and a slower normalization. Our findings in this study confirm the earlier findings of increased expression in bacterial infections, whereas the increase also in patients with viral infections seems to preclude CD64 expression as an acceptable diagnostic means to distinguish viral from bacterial infections. However, to what extent this diagnostic inferiority in this study relates to the above-mentioned notion of differences in kinetics cannot be concluded. One interesting notion in this regard is the large differences seen in mycoplasma pneumonia with highly elevated expression of CD64 on neutrophils compared to healthy persons in contrast to minor elevations of B-HNL and PCT levels.
We conclude from this study that neutrophil release of HNL in whole blood induced by the neutrophil activator fMLP is increased in blood samples obtained from patients with bacterial infections as opposed to blood samples from healthy controls and patients with viral infections. The increased propensity of neutrophils in this regard mimics the propensity of neutrophils to release HNL at coagulation. Similar to recent studies on serum HNL, the clinical performance of fMLP activation of whole blood showed high positive and negative predictive values in the distinction between acute bacterial and viral infections and was superior to current biomarkers, such as procalcitonin levels and CD64 expression on neutrophils. Building point-of-care applications based on this principle with a response time of Ͻ15 min should be the next step in the development of diagnostic tools as aids in the reduction of antibiotic abuse.
